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Introduction {#sec6}
============

The clustered regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) system is a unique adaptive immunity mechanism of bacteria and archaea that mediates defense against invasion by foreign microbes ([@bib15]). Currently, six types of CRISPR-Cas systems (I--VI) have been identified ([@bib4], [@bib5], [@bib10]). Among them, the type I, II, and V systems consist of several subtype-specific genes (A--D and U of type I; B and C variants of type II, and A, B, and E of type V) ([@bib5]). These systems also include a variety of Cas proteins, including Cas4, which form complexes that mediate the recognition of foreign DNA sequences ([@bib1], [@bib13]).

Notably, in a recent study, a CRISPR-like mimivirus virophage resistance element (MIMIVIRE) system, which consists of a cascade of genes and a CRISPR array, was reported to protect mimiviruses against virophages ([@bib9]) ([Figure 1](#fig1){ref-type="fig"}). Specifically, this system functions similarly to the Cas proteins and interferes with virophage invasion ([@bib9]) ([Figure 1](#fig1){ref-type="fig"}). The nuclease R354, a putatively functional homolog of Cas4 involved in spacer processing for adaption to foreign DNA ([@bib5], [@bib11], [@bib12]), was found to be essential for MIMIVIRE function.Figure 1The MIMIVIRE Defense System(A) Schematic representation showing the prokaryotic CRISPR-Cas system, which is representative of the type II-B system; all components are highlighted in different colors ([@bib4], [@bib5]).(B) Schematic representation showing the viral MIMIVIRE system. Zamilon, a novel virophage, was reported to infect giant viruses from the Mimiviridae family. A specific 28-nucleotide-long sequence in some mimivirus genomes was defined to be identical to the fragment DNA sequence of Zamilon; this pattern is similar to the CRISPR-Cas system, and the unique sequence was named Zamilon. The inserted 28-nucleotide-long sequence is AATCTGATAATGAATCTGATAATGAATC, and the derived 15-nucleotide repeated unit is TGATAATGAATCTGA ([@bib1], [@bib2]).

Although structural information on Cas4 proteins is available, the mechanisms underlying R354-mediated function remain elusive. Here we present the crystal structures of R354 in the active and semi-active states at a resolution of 2.8 Å and 3.0 Å, respectively. The protein is composed of a central channel and a lateral groove, suggesting the entry and exit of the substrate in the cleavage process. Importantly, the crystal structure in the dimerization state, together with biochemical analyses, demonstrates that R354 homodimerization is an exclusive requirement for the exonuclease in double-stranded DNA (dsDNA) but not for the endonuclease activity, revealing a unique regulatory mechanism for R354 function. Altogether, functional and structural analyses suggest that R354 is a functional Cas4-like protein of the viral MIMIVIRE system with a unique regulatory mechanism. Our findings also provide insights into the evolution of nucleases, which might enable the identification of new CRISPR systems in other species.

Results {#sec1}
=======

R354 Is a Dual Nuclease {#sec1.1}
-----------------------

We investigated the enzymatic activity of R354 using purified protein, as a first step toward the characterization of this MIMIVIRE system protein ([Figure S1](#mmc1){ref-type="supplementary-material"}). We selected plasmid pET21b-LipL as the general substrate for determining R354 endonuclease activity after a digestion-based endonuclease activity assay ([Figure 2](#fig2){ref-type="fig"}A). Furthermore, digestion of linear and circular double-stranded plasmid DNA was performed for examining R354 exonuclease activity; the substrate disappeared with time ([Figures 2](#fig2){ref-type="fig"}A and 2B). Because most nucleases are divalent metal-dependent enzymes, we performed nuclease assays with different metals. As expected, the nuclease activity of R354 was maximal in the presence of Mg^2+^, Mn^2+^, Fe^2+^, or Zn^2+^, but not Ca^2+^ ([Figure S2](#mmc1){ref-type="supplementary-material"}), which is consistent with the results of previous reports ([@bib7], [@bib8]).Figure 2R354 Is a Dual Nuclease(A) Characterization of the endonuclease activity of R354 by an endonuclease activity assay *in vitro*. ccDNA refers to circular coiled-coil DNA, LcDNA refers to linear coiled-coil DNA.(B) Characterization of the exonuclease activity of R354 by an exonuclease assay *in vitro*.(C) Exonuclease activity assay using biotin-labeled dsDNA. R354 was incubated with the labeled dsDNA with blunt ends or 5′ or 3′ overhangs, and the reactions were analyzed by agarose gel electrophoresis (AGE). Results indicate cleavage of the blunt end and the 3′ overhang of the dsDNA.(D) Exonuclease activity assay using biotin-labeled ssDNA. R354 was incubated with the labeled ssDNA with blunt ends or 5′ or 3′ overhangs, and the reactions were analyzed by AGE. The results indicated cleavage of the blunt ends and the 5′ and 3′ overhangs of the ssDNA. The experiments were repeated three times.

In addition, R354 cleaved a 5′ or 3′ labeled biotinylated dsDNA substrate in the 3\'→5′ direction in the exonuclease activity assay ([Figure 2](#fig2){ref-type="fig"}C). Conversely, R354 cleaved single-stranded DNA (ssDNA) in both 3\'→5′ and 5\'→3′ directions ([Figure 2](#fig2){ref-type="fig"}D), which is consistent with the function of the Cas4 protein SSO1391 ([@bib7]). We thus consider the dual nuclease R354 to likely be a functional Cas4 protein in the MIMIVIRE system. Although our data suggest that R354 functions as a dual nuclease, these results are preliminary and further characterization is required to identify the exact mechanism of action.

General Structure of R354 {#sec1.2}
-------------------------

We determined the crystal structures of the wild-type and N-terminal deletion (NTD) mutant of R354 (deletion of amino acids 1--128) at 3.0 Å and 2.8 Å, respectively. Nuclease activity assays showed that the NTD deletion mutant does not affect the activity ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). Notably, the structures are also identical; the N-terminal fragment (residues~1-137~) was not observed in the density maps of the wild-type structure. However, because the structure of Del1-128 was determined at higher resolution than that of the wild-type protein, we only discuss the NTD deletion structure for simplicity ([Table S1](#mmc1){ref-type="supplementary-material"}). The protein consists of two subunits (A and B) that form an asymmetric unit ([Figure 3](#fig3){ref-type="fig"}B and [Table S1](#mmc1){ref-type="supplementary-material"}). Each subunit is composed of an N-terminus (NT~129-194~), a nuclease region (NUC), a dimerization domain (DD), and a C-terminus (CT; [Figure 3](#fig3){ref-type="fig"}A). The NT is connected to the NUC through a loop-linked helix (LH), and two unique linkers, L1 and L2, bridge the NUC and DD and the DD and CT, respectively. The LH-spanning residues 135--190 (LH~135--190~), which are located at the NT, contain a helix located in the middle of a large loop. DD~335--430~ and CT~470--536~ surround the core structure of NUC~192--320~, which presumably maintains R354 in its functional fold. Overall, the structure of R354 includes a five-stranded β sheet and 16 α helices, which form a central channel and a lateral groove ([Figure 3](#fig3){ref-type="fig"}B). The central channel contains a front portal, tunnel, and rear portal, which are possibly used for DNA entry, passage, and exit, respectively ([Figure 3](#fig3){ref-type="fig"}C). Several positively charged residues were observed at the front and rear portals of the channel. In contrast, the tunnel harbored several negatively charged residues, suggesting that the protein interacts with polar substrates.Figure 3Overall Structure of R354(A) Graphic depictions of R354 domain organization.(B) The overall structure of R354; Mg^2+^ is highlighted in green sphere.(C) Surface representation of R354. The front and rear portals are both highlighted with yellow circles; the lateral groove is indicated by dashed lines.

R354 in Active and Semi-active States {#sec1.3}
-------------------------------------

Crystallographic analysis of R354 packing revealed that it forms a very tight protein dimer ([Figure 4](#fig4){ref-type="fig"}A). Analysis of the dimer interface indicated that protein-protein interactions are mediated by the Lys405 and Glu404 residues of subunits A and B, respectively, which form a strong interaction at the interface ([Figure 4](#fig4){ref-type="fig"}B). A clear interaction was also observed between the backbone carbonyl of Met412 of subunit A and the side chain of Tyr430 of subunit B ([Figure 4](#fig4){ref-type="fig"}B). In addition, an interaction was formed by Arg427 of subunit A and His415 of subunit B. Notably, other prominent hydrophobic contacts existed among the Leu376, Ile411, and Ile425 residues of each subunit ([Figure 4](#fig4){ref-type="fig"}C). These interactions were observed in the structures of both the wild-type protein and the NTD mutant, which demonstrated that the N-terminal 128 residues are not required for dimerization.Figure 4Dimerization of R354(A) Dimerization surface I and surface II formed by the interaction of subunit A and subunit B of R354.(B) Close up of the interactions of interface I. Hydrogen bonds and ionic bonds are indicated by blue dashed lines.(C) Close up of the interactions of interface II. The hydrophobic interactions are indicated by gray dashed lines.(D) Verification of dimerization of R354 in solution by pull*-*down assay and gel filtration analyses; details described in [Transparent Methods](#mmc1){ref-type="supplementary-material"}.(E) Verification of the dimer-dependent exonuclease activity of R354 using a variant harboring four point mutations (E404A, K405A, M412A, and R427A). LcDNA refers to linear coiled-coil DNA; ccDNA refers to circular coiled-coil DNA.

Next, we performed biochemical assays to determine whether R354 exists as a dimer in solution. Pull-down and gel filtration assays showed that R354 exists as a dimer ([Figures 4](#fig4){ref-type="fig"}D--4F), whereas binding and nuclease activity assays using an R354 variant harboring four amino acid substitutions, namely, Glu404Ala, Lys405Ala, Met412Ala, and Arg427Ala, showed that dimerization was critical for R354 exonuclease activity in both dsDNA and ssDNA ([Figures 4](#fig4){ref-type="fig"}E and [S4](#mmc1){ref-type="supplementary-material"}).

Our results show that R354 is a functional homodimer. Furthermore, R354 dimerization provides physical interactions for enhancing the activation of exonuclease function. However, further studies are required to elucidate the mechanism of R354 activation.

We therefore successfully determined the crystal structure of an R354 variant harboring four amino acid substitutions (Glu404Ala, Lys405Ala, Met412Ala, and Arg427Ala) that is in a monomeric state, as supported by pull-down assays ([Figure 4](#fig4){ref-type="fig"}D). The monomeric structure is useful for investigating the mechanisms underlying R354 activation ([Figure 5](#fig5){ref-type="fig"}A and [Table S1](#mmc1){ref-type="supplementary-material"}). Structural differences between the dimer and monomer were observed ([Figure 5](#fig5){ref-type="fig"}B). Specifically, the active site loop (Cys215--His229) was well ordered in the dimer but not observed in the density maps of the monomeric structure. Notably, the tunnel at the active site could not be formed well in the monomer, as shown in [Figure 5](#fig5){ref-type="fig"}C. In addition to the conformational changes at the active site, prominent changes were also observed at the dimer interaction interface. Importantly, the large loop (Ser371--Lys389) was flexible in the mutant, and the lengths of certain β sheets and α helices were partially altered ([Figure 5](#fig5){ref-type="fig"}B). Moreover, the C-terminal portion of the CT (residues~520--538~) was partially disordered and it did not form the helix observed in the monomeric state ([Figures 5](#fig5){ref-type="fig"}B--5D). The importance of this region was verified by enzymatic activity assays ([Figure S5](#mmc1){ref-type="supplementary-material"}). Overall, these observations prompted us to hypothesize that the dimerization state is important for enhancing the activation of R354 exonuclease function.Figure 5The Semi-active State of R354(A) Overall structure of R354 harboring the four point mutations (E404A, K405A, M412A, and R427A). The active site loop region indicated by the dotted line, which is not observed in the electron density map and the electron density map for the C terminus, is also not observed.(B) Structural comparisons of the active and semi-active states of R354. The active state is more rigid than the semi-active state, particularly in the portions DD, NCD, and CT.(C) The electrostatic representations viewed from the front portal for both semi-active and active states, the different front portals, and the CT portions are highlighted in blue and yellow colors, respectively.(D) The electrostatic representations viewed from the rear portal for both semi-active and active states. The different rear portals and the CT portions are highlighted in green and yellow colors, respectively.

Based on these conformational observations, we posit that dimerization is required for complete activation of R354. The R354 monomer was loosely folded, highlighting that the rigid fold is required for the full exonuclease activity of R354.

Structural Analysis of the Active Site {#sec1.4}
--------------------------------------

A Dali search identified Cas4 protein SSO0001 ([@bib7]) (PDB ID is [4ic1](pdb:4ic1){#intref0010} with a root-mean-square deviation \[RMSD\] of 3.4 Å for 162 equivalent Cα atoms), Pcal 0546 ([@bib8]) (PDB ID is [4r5q](pdb:4r5q){#intref0015} with an RMSD of 4.2 Å for 143 equivalent Cα atoms), and λ exonuclease ([@bib6], [@bib16]) (PDB ID is [3sm4](pdb:3sm4){#intref0020} with an RMSD of 2.8 Å for 186 equivalent Cα atoms) as being structurally similar to R354. This structural similarity was largely attributed to the nuclease domain (NC~186_346~) despite low levels of sequence identity ([Figures 6](#fig6){ref-type="fig"}A and [S6](#mmc1){ref-type="supplementary-material"}). Together, these findings indicate that the CRISPR system could have evolved in species other than bacteria and archaea, including viruses. Moreover, the findings suggest that the nuclease and CRISPR systems of bacteria and mimiviruses evolved from a cenancestor and that the R354 coding sequence was acquired via vertical inheritance ([Figure S7](#mmc1){ref-type="supplementary-material"}). Therefore we can interpret the catalytic mechanism of R354 by structural comparison.Figure 6Structural Analysis(A) Structural comparisons of R354, Cas4_Pcal 0456, Cas4_SSO0001, and λ exonuclease. The similarities between the core catalytic domains of the four proteins are highlighted by red dashed lines.(B) Comparison of active sites of R354 and Cas4; some residues are conservative in both active sites, which suggests that R354 has similar function to Cas4.(C) A cartoon presentation of the dsDNA modeled into the structure of R354 (blue for the cleaved strand with the 3′-OH and cyan for the other strand), which shows interactions between DNA and R354. DNA was modeled by superimposing the catalytic core domain of R354 and λ exonuclease (PDB ID [3SM4](pdb:3SM4){#intref0045}[@bib16]). The red dotted ring is interpreted in the right panel. Residues putatively interacting with the DNA substrate and involved in catalytic reaction are shown as sticks in the left panel. The cut site of DNA strand and the active site of R354 are indicated with highlighted label; the key residues are labeled in the right panel.(D) Verification of key residues involved in R354 enzymatic activity using activity assays. LcDNA refers to linear coiled-coil DNA; ccDNA refers to circular coiled-coil DNA.(E) Isothermal titration calorimetry (ITC) measurement of dsDNA binding. Representative ITC raw data and binding trace for dsDNA titrated into the solution containing wild-type (WT) R354 in the left panel: *K*~d~ = 0.1 ± 0.01 μM; *N* = 0.92 ± 0.05. The variant harboring three point mutations (K205A/K22A/R296A) can disrupt the dsDNA binding in the right panel.(F) Quantitative exonuclease assays. (Left) Comparison of exonuclease activities of wild-type and representative variants of R354. The reactions began to record (m = 0) at the signal stabilized by the addition of enzyme to reaction buffer. (Right) The reaction parameters are shown in the table. The first column indicates the rate determined by the initial slope of the reaction. The percent of DNA substrate digested at 30 min is shown in the second column by comparison of detected fluorescence relative to reactions between positive (WT) and negative controls. Data are measured with three independent replicates for standard errors.

In contrast to Cas4 and λ exonucleases, which require a toroidal state for their exonuclease activities, dimerization was essential for the exonuclease but not the endonuclease activity of R354. These findings suggest that R354 may employ a unique regulatory mechanism. However, the interactions between Mg^2+^ and residues Asp268, Glu289, and Lys291 within the active site of R354 were similar to those of Mn^2+^, Asp99, Glu113, and Lys115 in Cas4 SSO0001 and Mg^2+^, Asp123, Glu136, and Lys138 in Cas4 Pcal 0546 ([Figure 6](#fig6){ref-type="fig"}B). These three active site residues are critical for protein function, and a single mutation can almost abolish exonuclease activity. In addition, other critical residues, including Gln316, Tyr313, and Tyr312, were also similar to Glu131, Tyr135, and Tyr148 in Cas4 SSO0001 and Glu149, Tyr153, and Tyr166 in Cas4 Pcal 0546 ([Figure 6](#fig6){ref-type="fig"}B); these three residues are likely associated with substrate passage through the central channel. The Mg^2+^ in the catalytic site possibly enhances the catalytic rate, although the detailed mechanism is not fully understood. Possibly, metal ions coordinate the oxygen atom to trigger a nucleophilic attack and form the leaving group during cleavage of the scissile phosphodiester bond ([@bib3], [@bib14]). The structural and functional similarities and the presence of conserved residues thus suggest that R354 is a Cas4-like protein.

To reveal the interaction of DNA with R354, we superimposed the structures of λ exonuclease in complex with dsDNA ([@bib16]) (PDB ID: [3SM4](pdb:3SM4){#intref0025}) on our R354 structure, resulting in a good fit between DNA from the λ exonuclease structure and the surface of R354 ([Figure 6](#fig6){ref-type="fig"}C). The modeling indicated obviously that R354 has two groups of residues for DNA binding and digesting, which are located at the front portal and inner tunnel ([Figures 3](#fig3){ref-type="fig"}C and [6](#fig6){ref-type="fig"}C), respectively; some other residues adjacent to the active site are possibly involved in DNA moving. To further verify the importance of these residues, we mutated the residues within the central channel, including those at the entry and exit sites, to alanine and performed enzymatic activity assays with the mutants. The residues at the front portal site are probably involved in contacting the downstream portion of the dsDNA for entering the tunnel (Arg205, Arg296, and Tyr313), residues at the hydrophobic wedge may be required for DNA movement (Val227), the active site in the central channel is required for catalysis (Asp268, Glu289, and Lys291), and the residues at the rear portal site and slide groove are possibly used for phosphate exit and sliding out of the processed ssDNA (His145, Arg171, Gln177, Trp182, and Arg186). Substitution of each of the above residues adjacent to the active site with alanines (Trp182Ala, Arg186Ala, Lys205Ala, Val227Ala, Asp268Ala, Glu289Ala, Lys291Ala, Arg296Ala, Tyr312Ala, and Tyr313Ala) nearly abolished the exonuclease activity of R354 ([Figure 6](#fig6){ref-type="fig"}D), highlighting their functional significance. In addition, isothermal titration calorimetry (ITC) measurements of some variants (Arg205Ala, Arg296Ala, and Tyr313Ala) supported the proposed binding sites for dsDNA ([Figure 6](#fig6){ref-type="fig"}E). Moreover, a quantitative exonuclease assay was performed for the representative residues with the corresponding mutants using fluorescence experiments ([Figure 6](#fig6){ref-type="fig"}F). Only the mutant E289A, with mutations at key residues of the active site (Asp268, Glu289, and Lys291), had almost complete abolishment of exonuclease activity. The four-residue mutant (Glu404Ala, Lys405Ala, Met412Ala, and Arg427Ala) showed a marked decrease in exonuclease activity, which demonstrated that R354 in the dimer state is essential for its full enzymatic activity.

Discussion {#sec2}
==========

Here we report the first structure of the Cas4-like protein, R354, in the MIMIVIRE system ([Figure 1](#fig1){ref-type="fig"}), which is involved in defending against virophage invasion. Nuclease activity assays supported that R354 is probably a dual nuclease ([Figures 2](#fig2){ref-type="fig"}, [6](#fig6){ref-type="fig"}F, and [S2](#mmc1){ref-type="supplementary-material"}), and the exonuclease activity was verified by a quantitative assay ([Figure 6](#fig6){ref-type="fig"}F); however, the more explicit dual mechanism of the enzyme needs more evidence. Coupled with biochemical data, our structural studies provide insights into the unique mechanisms of R354 exonuclease activity that are enhanced by the dimerized state ([Figure 6](#fig6){ref-type="fig"}F), but not the endonuclease activity, which revealed the unique mechanism of R354. Notably, the different states of R354 indicate that the mechanism of R354 activation is distinct from those of other nuclease family members.

Considering that Cas4 SSO0001 ([@bib7]), Pcal 0546 ([@bib8]), and λ exonuclease ([@bib6], [@bib16]) all form toroidal oligomers, whereas R354 forms a dimer, we speculated that R354 exhibits a sequential catalytic mechanism different from those of its homologs. Indeed, the major difference between these molecules was that activated R354 dimers could be distinguished from the toroidal oligomers, suggesting that R354 possibly catalyzes one strand of dsDNA with the dimer conformation, resulting in the release of the other strand from the central channel of the subunit; the released strand then enters the other subunit for cleavage. Therefore the mechanism of R354 activation is different from those of the toroidal oligomers. A hypothetical catalytic mechanism of R354 is shown in [Figure 7](#fig7){ref-type="fig"}. The 3′-OH group of the dsDNA first binds to residues Lys205, Lys225, and Arg296, primarily via polar interactions. Moreover, hydrophobic contacts, particularly with Val227, drive the dsDNA close to the catalytic channel, and the putative dsDNA binding site was supported by ITC measurement ([Figure 6](#fig6){ref-type="fig"}E). However, the mechanisms of reaction catalysis and energy generation for the reaction are not understood. An enzyme-DNA-metal complex is formed when the dsDNA enters the active site; the divalent metal activates the scissile phosphate along with catalytic residues Asp268, Glu289, and Lys291, and residues W182 and R186 capture the leaving phosphate groups ([Figures 6](#fig6){ref-type="fig"}C--6F). One strand of dsDNA is then cleaved, whereas the other strand likely passes through the tunnel and remains bound to the lateral open groove ([Figure 1](#fig1){ref-type="fig"}D). This strand then slides into the other tunnel for cleavage, which may explain why R354 exhibits more efficient catalytic activity than the λ exonuclease.Figure 7A Working Model of R354Cartoon depicting the working model for R354 exonuclease catalytic reaction. In step I, the 3′-OH group of the dsDNA first binds to residues Lys205, Lys225, and Arg296, primarily via polar interactions. Moreover, hydrophobic contacts, particularly with Val227, drive the dsDNA close to the catalytic channel. In step II, one strand is digested into single nucleotides and the other strand slides out from the rear portal. In step III, the sliding strand is digested by subunit B without directional priority.

In summary, we report the first structure of R354, an essential viral enzyme in the novel MIMIVIRE CRISPR-Cas-like system. The structure revealed a unique mechanism of R354 activation, which exhibits dual nuclease activity. Moreover, our findings suggest that R354 is a Cas4 homolog, and therefore it extends the list of novel MIMIVIRE spacers involved in innate immunity against virophages. In addition, this protein provides a template for the identification of new CRISPR-Cas systems in other species. However, the function of R354 similar to Cas4, the component of the CRISPR system, is still unclear due to the limitations of the current study. Future work is required to determine how R354 contributes to the MIMIVIRE system function for viral immunity.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

The atomic coordinates and structure factors of the reported crystal structures have been deposited in the Protein Data Bank (PDB), under the following accession codes: [5YET](pdb:5YET){#intref0030} is for wild-type R354; [5YEU](pdb:5YEU){#intref0035} is for four-point mutation R354.
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Document S1. Transparent Methods, Figures S1--S7, and Table S1
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